The purpose of this study was to learn whether visual form deprivation, which produces myopia in the deprived eye, alters the scleral extraceHulur matrix in tree shrew, a mammal closely related to primates. Axial myopia was induced in 10 tree shrews by monocular deprivation imposed with a translucent diffuser. The other eye in each animal was an untreated control. After 21 days of deprivation the refractive state and axial component dimensions were measured and the eyes were assayed for levels of DNA, hydroxyproline, and sulfated glycosaminoglycans (GAGs) in samples of the sclera and the cornea. In comparison to the open control eye, the deprived eyes became myopic and elongated. In the sclera, DNA levels were not significantly changed from the control eye. Sulfated GAG levels were significantly lower in the deprived eyes, as compared to the control eyes, at the posterior pole ( --15.6%), at the nasal equatorial region (--18.1%), and in the rest of the sclera (--11.6%). The hydroxyproline level was significantly lower only at the posterior pole (,11.8%). Levels of sulfated GAGs were significantly reduced relative to DNA and relative to hydroxyproline in the total sclera. No significant changes were found in the cornea. The lower level of sulfated GAGs throughout the sclera oftbe deprived eyes, as compared with the control eyes, suggests that the deprived sclera contained less proteoglycan, or that the proteoglycans were less glycosylated or less sulfated. In contrast, the regional reduction of hydroxyproline suggests that collagen accumulation was specifically reduced only at the posterior pole of deprived eyes. These results suggest that form deprivation slows or reverses the normal process of extracellular matrix accumulation in the sclera of this mammal. This may allow the sclera to be more distensible, permitting the vitreous chamber elongation and resultant myopia.
INTRODUCTION
The sclera of the eye appears to play an important, but still poorly understood, role in the regulation of the eye's axial length, both during normal postnatal ocular development and during the development of myopia. In mammals the sclera is a viscoelastic tissue consisting of flattened fibroblasts embedded in an extracellular matrix consisting of bundles of collagen and elastic fibrils, interspersed with small molecular-weight proteoglycan molecules, such as decorin and biglycan (Coster & Fransson, 1981; Scott & Haigh, 1988; Komai & Ushiki, 1991; Rada, Fite, Crawley & Bajwa, 1994) , as well as some large molecular-weight proteoglycans . One role of the sclera, as the outer coating of the eye, is to oppose intraocular forces that are produced, in *To whom all correspondence should be addressed. part, by vitreous formation during ocular development (Coulombre, 1956; Sebag, 1992) . However, the role of the sclera is more than that of a static container of the globe. During normal postnatal development the size of the eye increases dramatically. The eyes of many species, including human, marmoset, tree shrew [a mammal closely related to primates (Luckett, 1980) ], and chicken, are generally initially hyperopic, with a relatively short vitreous chamber (Benjamin, Sheridan, Stone & Leary, 1961; Banks, 1980; Pickett-Seltner, Sivak & Pasternak, 1988; Wallman & Adams, 1991; Troilo & Judge, 1993) . The initial hyperopia gradually diminishes because the axial length (primarily the vitreous chamber) increases more rapidly than the focal point, which gradually moves posteriorly as the cornea flattens and the power of the lens decreases with age. As the axial length approaches the focal plane, the rate of axial elongation slows and eventually stops, producing an emmetropic eye.
A growing body of evidence has shown that a visually-guided emmetropization mechanism guides this elongation of the eye by controlling the axial length, primarily the vitreous chamber depth (Tron, 1929; Pickett-Seltner et al., 1988; Schaeffel, Glasser & Howland, 1988; Irving, Callender & Sivak, 1991; Troilo & Wallman, 1991; Wallman & Adams, 1987; Wallman, 1990 Wallman, , 1991 . Deprivation of form vision interferes with emmetropization so that axial elongation, rather than slowing at the appropriate point, continues in an "open loop" condition, moving the retina past the focal plane and producing a very myopic eye (Sherman, Norton & Casagrande, 1977; Wallman, Turkel & Trachtman, 1978) .
An important, and unanswered, question is how the sclera participates in the control of the axial elongation. In mammals, it has been suggested that a retinally-derived signal, related to the focus of images on the retina, may, through a cascade of events, modulate the sclera's resistance to intraocular pressure and thereby regulate the elongation of the eye (Norton, 1990; . This suggestion is consistent with the effects observed in tree shrews that were monocularly form-vision deprived and treated systemically with the lathyrogen, fl-aminopropionitrile (fl-APN), which blocks crosslinking in newly formed collagen and might be expected to decrease scleral resistance. These animals developed a greatly exaggerated axial elongation and myopia in their deprived eyes (McBrien & Norton, 1988; McBrien, Norton & McKanna, 1989; . In addition, the sclera in the posterior region of the deprived, lathyritic-treated eyes was found to be slightly more than half as thick (55%) as that in control eyes . This thinning was calculated to be greater than would result from simply stretching the existing sclera over the expanded globe , suggesting that visual deprivation may cause a loss of scleral material in the myopic eye. Monocular deprivation in tree shrews that did not receive a lathyritic agent also produced thinning in posterior sclera of the deprived eyes (Kang & Norton, 1993; and Funata and Tokoro (1990) reported that the sclera at the posterior pole in deprived, myopic monkey eyes was approximately one-half of the thickness of the control eyes. Similarly, humans with moderate myopia have thinner than normal scleras (Cheng, Omah, Kwong, Xiong, Woods & Brady, 1992) and in humans with high (pathologic) myopia, ocular elongation is associated with marked thinning of the posterior sclera and alterations in the collagen fibrils (Curtin, 1985) .
In contrast to mammals, several studies in chick have suggested that axial elongation in this species is controlled by the growth rate of the scleral extracellular matrix (Gottlieb, Joshi & Nickla, 1990; Christensen & Wallman, 1991; Rada, Thoft & Hassell, 1991) . Chick sclera, unlike mammalian sclera, is composed of two structurally distinct layers: an inner cartilaginous region and a thin outer fibrous layer that resembles mammalian sclera. In visually-deprived, myopic eyes the cartilaginous layer has been shown to become thicker in the posterior region, and the amount of the large molecular-weight proteoglycan aggrecan is increased (Rada et al., 1991) . Increases in dry scleral weight and increased cell division have been reported (Christensen & Wallman, 1991; Rada et al., 1991) . The outer fibrous sclera in chick, like its mammalian counterpart, has been shown to become thinner in the posterior regions (Gottlieb et al., 1990) . Interestingly, chicks receiving systemic ~-APN and monocular deprivation did not develop an enhanced elongation and myopia , suggesting that the degree of collagen crosslinking is not a critical factor in the development of myopia in chick.
The structural differences between the mammalian and chick sclera, along with the different effects of visual deprivation and of lathyrogens on the sclera in these two species, lead us to investigate the effects of form deprivation on the extracellular matrix in tree shrew. Of particular interest was whether form deprivation in tree shrews would produce an increase in extracellular matrix as in chick, or a decrease as suggested by the scleral thinning found in tree shrews and other mammals. Thus, this investigation used the same assays that had been previously applied in chick (Rada et al., 1991) to characterize the cellular and extracellular matrix changes that occur in the tree shrew sclera in response to form deprivation. These included a measure of DNA, to examine whether deprivation induces changes cell division; a measure of hydroxyproline, to examine whether deprivation affects the levels of collagen; and a measure of sulfated glycosaminoglycans, to examine whether deprivation affects the scleral proteoglycans. A portion of this material has appeared in abstract form (Norton, Rada & Hassell, 1992) .
METHODS
The general methods are outlined briefly here since they were reported in detail elsewhere (Rada et al., 1991; . Ten tree shrew pups (Tupaia belangeri) were raised by their mothers in our breeding colony on a 14 hr light/10 hr dark schedule. The first day on which both eyes of a pup were found to be open (mean, 20.2 days of age; range 11-23 days) was taken as the first day of visual experience (v.e.). Visual deprivation was started after the animals had approx. 24 days of normal binocular v.e. (mean, 23.9; range, 22-26 days v.e.) . This is a point in development when the eyes are highly susceptible to deprivationinduced myopia (Norton, 1990; Siegwart & Norton, 1990; . The group was balanced for gender (five males, five females) and for which eye served as the deprived eye (five left, five right). Also, to assure genetic variability, the 10 animals were derived from eight sets of parents. Two parental pairs each provided two animals. The tree shrew pups were maintained and used in accordance with National Institutes of Health guidelines and the ARVO statement for the Use of Animals in Ophthalmic and Vision Research, and the project was approved by the institutional animal care and use committee.
Visual deprivation
All animals received 21 days of monocular visual deprivation (i.e. deprivation of form vision) provided by a translucent diffuser mounted in a goggle frame. The goggle was clipped to a dental acrylic pedestal that was attached to the skull under general anesthesia (ketamine 17.5 rag; xylazine 1.2 mg, supplemented with 0.5-2.0% halothane) as described in detail by Siegwart and Norton (1994a) . The open control eye in each animal was surrounded by a goggle frame that contained no lens. The animals were checked daily to insure that the goggle and the diffuser remained in place. Periodically (every 1-5 days) the goggle was removed in dim illumination for 1-2 min for cleaning. During this time, the animals were inspected to assure that the ocular tissues appeared normal.
Refractive and morphometric measurements
Prior to the 21 days of monocular deprivation, and while the animals were anesthetized for attachment of the goggle pedestal, the dimensions of both eyes in all animals were measured using A-scan ultrasonography to insure that there were no significant interocular differences at the start of the experiment. At the end of the deprivation period, the animals were re-anesthetized and the ocular components were again measured using A-scan ultrasonography with the head held stationary by use of a bite-bar made of a dental impression compound (Marsh-Tootle & Norton, 1989) . Following the procedures described by Norton and McBrien (1992) and McBrien and Norton (1992) , corneal curvature was measured with a modified keratometer, spherical equivalent refraction was measured under atropine cycloplegia both with streak retinoscopy and with a modified coincidence optometer, and ocular dimensions were assessed non-invasively by A-scan ultrasonography . Care was taken during the measurement session to assure proper alignment of the optical axis of the tree shrew with all of the measurement apparatus. Either the control eye or deprived eye (random selection) was measured first and the observer (TTN) did not know which eye was deprived at the start of the measurement session. In one animal, which developed progressive anterior segment clouding during the measurement session (a reversible, non-pathological change that appears to be related to cooling of the cornea by evaporation of wetting solution), corneal and coincidence optometer measures were omitted in order to obtain retinoscopy measures before this was prevented by the increasing cloudiness.
As the measurement of vitreous chamber depth has been refined with experience from our previous studies, it has been discovered that the ultrasound echo from the normal sclera sometimes contains two peaks. (It should be noted that the ability of our A-scan ultrasound to localize a single surface at the back of the vitreous chamber is limited to + 0.02 mm by the sampling rate of the digitizing oscilloscope. However, the ability to resolve the presence of two nearby surfaces is much poorer because the reflected waveform from one surface interferes with the reflected waveform from the second surface (Coleman, Lizzi & Jack, 1977) . This limit may approximate 0.05mm with our 15MHz ultrasound beam). A-scan examination of sequentially dissected, enucleated eyes has failed to resolve whether these peaks represent the front and back of the sclera (which is so thin as often to be below the resolving power of the ultrasound) or whether they represent the retinochoroidal and choroidal-scleral boundaries. Consistently, it is found that the double peaks are likely to be present in the control eyes and absent in the deprived eyes. This somewhat complicated the comparison of the measurements of the vitreous chamber depth in the deprived (one peak) and the control eyes (two peaks), although the potential error, 0.04 mm maximum, was much smaller than the vitreous chamber elongation found in the deprived eyes (0.23 mm). Based on measures in control eyes in which two peaks were seen on some A-scan traces and not on others, we concluded that averaging the values of the two peaks gave the best estimate of the location of a single peak. Thus, the average value of the two peaks was used for the vitreous chamber depth and axial length measures in all cases in which two peaks occurred, for both the control and for the deprived eyes. This issue is raised here simply to note that further investigation would be useful with higher-resolution ultrasound to resolve the origin of the two peaks.
Dissection
After completion of the refractive and morphometric measures, the animals were given a lethal dose of additional anesthetic (pentobarbital sodium, 20-50 rag). Both eyes were enucleated and placed into 4°C sterile normal saline. After 10-30 min in a refrigerator (at 4°C) one eye was randomly selected to be dissected first (the other remained in the refrigerator).
With 10 x 16 x magnification provided by a Zeiss surgical microscope, the conjunctiva, extraocular muscles and orbital fat were dissected away from the globe while the eye remained wet with chilled (4°C) saline. The cornea was removed by cutting carefully along the corneo-scleral junction ( Fig. 1) and a 3 mm trephine was used to remove a corneal sample containing the apex. The rest of the cornea, the iris, the lens, and the vitreous were discarded. The inner surface of the sclera was scraped to remove retina and choroid, and the outer surface was scraped to remove adhering extraocular tissues. As illustrated in Fig. 1 , the optic nerve and lamina cribrosa were removed with a 3 mm dia trephine and discarded. Two additional 3 mm pieces of sclera were removed and were kept for analysis, one from the posterior pole and the other from the nasal equatorial region located on the horizontal meridian. These locations were selected to provide information from two distinct regions of the eye because studies in chick have revealed regional differences in the effects of visual deprivation on the sclera (Rada et al., 1991) . Nasal sclera, rather than temporal sclera, was selected because it was easier to remove a sample from that region than from the relatively narrow region between the optic disk and the temporal ora serrata (Fig. 1) . The rest of the sclera, which included all of the dorsal, ventral, and nasal sclera, was also retained for analysis. Although this sample lacked regional specificity, it provided information about changes in the sclera as a whole. The values of the equatorial, posterior pole and "rest of sclera" samples were summed and are reported as "total sclera".
For the last eight animals in the study, scleral and corneal samples were blotted on filter paper, weighed and then re-wetted with saline. The samples from all animals were placed in individual Beem capsules with coded labels and frozen (-10°C) until completion of dissection of both eyes. Then all samples were frozen to -70°C and shipped from Birmingham, Ala to Pittsburgh, Pa for biochemical analysis. The biochemical analysis was completed without knowledge of which eyes were deprived.
Biochemical measurements
As in a previous study of chick sclera (Rada et al., 1991) , the samples from the 10 pairs of eyes were thawed, blotted to remove excess buffer, and digested with proteinase K (protease type XXVIII, Sigma, St Louis, Mo.) (0.05% w/v) in 10mM EDTA, 0.1 M sodium phosphate, pH 6.5, overnight at 60°C. This treatment resulted in complete digestion of the tissue. The DNA content was measured to the nearest 0.1 #g on aliquots of the proteinase K-digested samples using bisbenzimide (Hoechst No. 33258, Sigma) (Labarca & Paigen, 1980) , with calf thymus DNA as standard. Total sulfated glycosaminoglycan (GAG) concentration was measured to the nearest nanogram on aliquots of the proteinase K digests using the metachromatic dimethylmethylene blue assay (Farndale, Sayers & Barett, 1982) and porcine rib cartilage chondroitin sulfate as standard. Hydroxyproline was quantitated to the nearest nanogram using chloramine T (Woesnner, 1961) following hydrolysis of proteinase K-digested samples in 6 N HC1. The corneal DNA assay (both eyes) for one animal was not available for analysis, because one sample was lost prior to DNA analysis.
Data analysis
Refractive and morphometric values, along with results of the assays were entered into a Lotus 123 spreadsheet to produce a data set. Dependent-t statistics (NWA Statpak) were used to examine differences between the deprived eye and the control eye for each of the 10 animals with an a-level of 0.05 for cornea and total sclera. Because the three components of total sclera (posterior pole, equatorial, rest of sclera) were a subset of the total sclera sample, a Bonferroni correction (~/3) was used, reducing to 0.017 for these three sub-samples. Regions which were discarded are not shaded. The large amount of sclera (rest of sclera) which also was analyzed is indicated in black. The nasal and temporal sides of the eye are indicated.
RESULTS

Morphometric Changes
The axial lengths of both the control eyes and the deprived eyes increased during the 21 day period of monocular deprivation [ Fig. 2(A) ]. The control eyes elongated at the normal rate for developing tree shrews in this age range . The deprived eyes elongated more than the control eyes. In every animal the vitreous chamber was longer in the deprived eye (mean difference+SD, 0.23+0.05 mm). This was the primary factor responsible for the significant increase in axial length of the deprived eyes (0.22+0.06mm) in comparison to the control eyes. There was a very small increase in the depth of the anterior segment in the deprived eye (0.03___0.03 mm) that was statistically At the start of the deprivation period there was no significant difference between the control and the about-to-be-deprived eyes. Both groups of eyes were significantly longer 21 days later than preoperatively, and the deprived eyes were significantly longer than the control eyes. (B) Refractive differences (spherical equivalent values by retinoscopy) between the deprived eyes and the control eyes, measured at the end of the MD period. The deprived eyes were significantly myopic in comparison to the control eyes. (C) Radius of corneal curvature, measured at the end of the MD period, was not significantly different in the myopic and the control eyes at the end of the deprivation period, indicating that deprivation with goggle had not affected the cornea.
significant (P=0.045) because it occurred consistently across animals (deprived eye anterior segment was deeper in 8 of 10 animals). As previously reported (McKanna & Casagrande, 1978; , the lens was slightly, but significantly, thinner (0.04 + 0.02 mm) in the deprived eyes. Although the lens thinning was very small, it was very consistent (9 of 10 animals).
Refractive Changes
As in previous studies (Sherman et al., 1977; Marsh-Tootle & Norton, 1989; Norton, 1990; , all of the deprived eyes developed a significant myopia ( -11.3 + 3.6 D by streak retinoscopy) in comparison to the open control eyes [ Table 1 , Fig. 2(B) ]. Spherical refraction measures made with the Hartinger coincidence optometer and with streak retinoscopy were highly correlated (r = 0.91, N= 18 eyes) and the myopic shift of the deprived eye, in comparison with the control eye, was very similar with both methods (mean difference+SD: retinoscopy, -11.3+3.7D; optometer, -10.2 + 2.8 D, for the nine animals on which both measures were taken). The refractive state of the eye (measured by retinoscopy) was highly correlated with the depth of the vitreous chamber in both the control and deprived eyes (r = 0.87, N = 20), confirming that variation in refractive state is determined primarily by the vitreous chamber depth (Stenstrom, 1948; Sorsby et al., 1961; . No change was found in corneal radius [ Fig. 2(C) ] or astigmatism. The refractive changes produced by deprivation with a translucent diffuser are comparable to those found previously with an opaque occluder (Norton, 1990; Siegwart & Norton, 1990) . This suggests that the amount of light entering the deprived eye is not critical for the development of myopia, as long as the control eye is exposed to a normal visual environment (McKanna, Casagrande, Norton & Marsh, 1983) or some light reaches the deprived eye around the edge of an opaque goggle.
Biochemical Changes Cornea
As shown in Figs 3-5, and in Table 2 , no significant changes were found in the amount of DNA, sulfated GAGs or hydroxyproline in the 3 mm sample from the central cornea. This result, plus the lack of any significant change in corneal radius in the deprived, myopic eyes, support the suggestion (Norton, 1990; Norton, Essinger & McBrien, 1994 ) that corneal changes are not an integral feature of the induced myopia in this mammal. These results in tree shrew contrast with the corneal changes that are often, but not always observed with goggle-induced myopia in chick (Troilo, Glasser & Howland, 1992) . The corneal changes reported in chick include: an increase in corneal diameter (Hayes, Fitzke, Hodos & Holden, 1986) and increases in collagen, proteoglycans and cell number throughout the entire corneal stroma (Rada, Wallman & Hassell, 1993b Glickstein & Millodot, 1970) ]. Sclera Scleral wet weight. As shown in Table 2 , no significant differences were found between the deprived and control eyes in the wet weight of the corneal or scleral tissue. It should be noted, however, that only eight animals were measured, that variable removal of tissue water by blotting may have increased the variability of the sample weights and that the scleral pieces were small in comparison to the precision of the scale (0.1 mg): Thus, large changes in scleral weight (in the range of 10%) can be excluded, but small changes would have been below the limits of resolution of the study.
DNA. The amount of DNA in the deprived eyes compared with the control eyes was not significantly different at any scleral location (Fig. 3, Table 2 ). This suggests that visual deprivation produced neither an increase nor a decrease in cell division in the deprived eye relative to the control eye. These results also suggest that the scleral thinning, known to occur in the deprived, myopic tree shrew eyes (Kang & Norton, 1993; did not significantly reduce the number of cells in either of the 3 mm diameter tissue samples or in the rest of sclera.
Glycosaminoglycans. As shown in Fig. 4 and Table 2 , the level of sulfated glycosaminoglycans in the sclera of the elongated, myopic eyes was significantly lower than the level in the control eyes in the posterior pole (-15.6%), equatorial pole (-18.1%), and the rest of the sclera (-11.6%). Thus, the total sclera (the sum of these three components) of the deprived eyes contained significantly less sulfated glycosaminoglycans compared to the total sclera from the control eyes (-12.7%).
Hydroxyproline. Hydroxyproline levels were significantly lower (-11.8%) in the deprived eyes only in the sample from the posterior pole (Fig. 5, Table 2 ). This suggests that the accumulation of collagen (e.g. synthesis minus degradation) was reduced in this region during the period of deprivation. The (not significantly) lower levels in the equatorial region and in the rest of sclera raise the possibility that a small reduction may occur that could not be detected with this sample size.
Ratio of glycosarninoglycans and hydroxyproline to DNA. For each eye, the level of sulfated glycosaminoglycans and the level of hydroxyproline were divided by the amount of DNA to give an index of the amount of each substance per cell. This ratio is a measure that should not be affected by variation in the thickness of the tissue samples. As shown in Table 2 , for the total sclera, the deprived eyes had a significantly lower sulfatedglycosaminoglycans : DNA ratio than did the control eyes. Although this ratio was smaller in the three scleral components, the differences were not statistically significant. The hydroxyproline : DNA ratio (Table 2) was not significantly different in the deprived eyes either in the whole sclera or in any component.
Ratio of glycosaminoglycan to hydroxyproline.
The amount of sulfated glycosaminoglycan, relative to the amount of hydroxyproline, was significantly reduced in the total sclera, but not in any individual component considered separately (Table 2) .
DISCUSSION
The chief result of this study is that a short period of form deprivation, sufficient to induce myopia, produces significant changes in the biochemical composition of the sclera in the tree shrew. Measurements of sulfated glycosaminoglycans within the sclera indicate that the amount of proteoglycan in the deprived eye, or possibly the glycosylation or sulfation level of the proteoglycans, was significantly lower in the posterior pole, equatorial region, and the rest of the sclera in comparison with the control eye. This generalized reduction was found when expressed in absolute amounts, amount per DNA, or per total collagen (hydroxyproline). If the ocular elongation were simply due to stretching of existing material within the posterior sclera, we would expect a reduction in the amount of DNA within the posterior pole sample of the deprived eyes as compared with the controls• Since no reduction was found and since we observed significantly lower proteoglycan : collagen and proteoglycan : DNA ratios in the deprived sclera, these data argue against the idea that simple scleral stretch alone leads to vitreous chamber elongation. Rather, it suggests that glycosaminoglycans are being selectively remodeled in the deprived sclera. This remodeling process may involve a decreased rate of synthesis, increased rate of degradation, or a combination of both processes. Given the variety of large and small molecular-weight proteoglycans that may exist in tree shrew sclera and the variation in the forms in which proteoglycans can exist, the reduction of sulfated GAGs may be due to changes in the scleral proteoglycan content (e.g. core protein plus GAG side-chains), the degree of glycosylation of proteoglycan core proteins, or in the degree of sulfation of the glycosaminoglycans. Whatever specific changes underlie the change in sulfated GAGs, they are produced by visual deprivation. Because these results were obtained after 21 days of deprivation, by which time a substantial elongation and myopia had developed, it is not possible to know whether the scleral changes were causally related to the elongation, or resulted from the elongation. Studies using shorter periods of deprivation would be required to resolve this issue. In contrast to proteoglycans, collagen accumulation (defined as synthesis minus degradation) in the total sclera and within the equatorial region were similar for control and deprived eyes. Collagen accumulation was, however, significantly reduced at the posterior pole of the deprived eyes, in agreement with the findings of Reeder and McBrien (1993) . This suggests that scleral collagen within the posterior pole is preferentially affected during the development of myopia. A similar regional loss of scleral collagen within the posterior pole may contribute to the scleral thinning and development of posterior staphylomas, often seen in individuals with high myopia (Curtin, 1985) . Measurement of DNA level indicates that there were no significant differences in cell numbers between control and form-deprived eyes, as measured on the total sclera, posterior pole, equatorial region or the rest of the sclera. The absence of such a decrease may reflect several factors. One is that deprivation for this time period may not affect the rate of cell division in the sclera. In the posterior pole sample, where thinning of the sclera [about -11% from the data of Kang and Norton (1993) ] has been observed, a small decrease in DNA might have been expected if the thinning was due to stretching of the tissue, which might redistribute the fibroblasts. The absence of such a decrease in DNA level may suggest that the fibroblasts are not redistributed. However, the small decrease that would be expected might not be detectable in the 3 mm tissue samples of this study, just as the wet-weight measurement failed to reveal any decline in scleral mass in the deprived eye. Reeder and McBrien (1993) reported a decrease in the dry weight of deprived tree shrew sclera. This difference may have been masked by the relatively high water content of the sclera and variable water extraction by blotting in the present study.
The results in tree shrew are different from the results found in chicken using the same assays in the same laboratory (Rada et al., 1991) . In the chick, the synthesis and accumulation of proteoglycans are significantly increased in the posterior sclera of the deprived eye (Rada et al., 1991; Rada & Matthews, 1994) , suggesting that form-deprivation myopia occurs as a result of increased growth of the sclera. In contrast there is no evidence for increased scleral growth in the deprived eyes of the tree shrew. The changes in the tree shrew sclera are similar to those reported for the sclera in the posterior staphylomas of highly myopic human sclera, in which the sclera is thinned and there is a reduction in the amount of collagen and glycosaminoglycans in the posterior sclera (Avetisov, Savitskaya, Vinetskaya & Iomodina, 1984) . Possibly, the cartilaginous scleral region, which is present in avians but not in mammals, may account for this species difference.
The biochemical results obtained from the deprived tree shrew sclera should be viewed in the context of the overall normal postnatal development of the tree shrew sclera. During the period of development covered by this study (24-45 days of v.e.), the axial length of the control eyes increased from 7.50 to 7.62 mm [ Fig. 2(A) ]. Also, during this period, the sclera of normal eyes becomes thicker (Kang & Norton, unpublished data) , suggesting an increased accumulation of extracellular matrix material. In contrast, the sclera in deprived eyes (at 45 days v.e. after 21 days of deprivation) is approximately the same thickness as the sclera in a 15 days v.e. normal animal (Kang & Norton, unpublished data) . This result, taken together with the data of the present study, suggests that the rate of accumulation of extracellular matrix, particularly proteoglycans, may be slowed. A slowed accumulation could be caused by a decrease in the rate of extracellular matrix synthesis, an increased rate of extracellular matrix degradation, or a combination of both processes. Furthermore, form deprivation could selectively affect the synthesis and/or degradation of one or more proteoglycans, resulting in an overall reduction in the content of sulfated glycosaminoglycans within the deprived sclera.
Control of the accumulation, or the relative abundance, of the various proteoglycans throughout the sclera may have implications for the control of axial length. Proteoglycans, especially the small molecularweight proteoglycans, have been shown in a variety of systems to influence the growth and organization of collagen fibrils (Vogel, Paulsson & Heinegard, 1984; Hahn & Birk, 1992; Rada, Cornuet & Hassell, 1993a) . Moreover, it has been suggested that the tensile properties of collagenous tissues may be determined by the properties of the matrix (Garg, Berg & Garg, 1989; Schmidt, Mow, Chun & Eyre, 1990; Smolek & McCarey, 1990) . A slowing of the synthesis, or an increase in degradation of one or more proteoglycans in the sclera of the deprived eyes could decrease scleral resistance in comparison to the control eye, leaving the deprived eye more susceptible to elongation. It has recently been reported that scleral "creep" (the continued increase in length of tissue exposed to constant tensile force) is significantly greater in the myopic eyes, compared to the control eyes of monocularly deprived tree shrews (Siegwart & Norton, 1994b ). This finding is consistent with the biochemical data of the present study in that an eye with less extracellular matrix material might be expected to be less able to resist stretching forces.
The present study may also help to explain an interesting result obtained by McBrien and Norton (1994) in their monocularly-deprived, lathyrogen-treated tree shrews: the control eyes did not become elongated and myopic even though collagen crosslinking was blocked. If proteoglycans play an important role in controlling axial length, and if normal levels and types of scleral proteoglycans were present in the control eyes, then these proteoglycans might have been able to regulate axial elongation despite an interference with collagen crosslinking.
The reduction in collagen in the posterior region but not the equatorial region of the deprived eyes in this study may have been due to a rostral-caudal developmental pattern in the sclera. Zorn, Hernandez, Norton, Yang and Ye (1992) found that the mRNA levels for the ~1 chain of type I procollagen are higher in the posterior sclera, and lower in the equatorial regions, of developing tree shrew eyes both at 15 and 45 days of visual experience. This may indicate that the anterior scleral regions are more nearly mature during this period of development, so that collagen formation may be influenced by deprivation only in the less mature posterior sclera. In humans, as in tree shrews, the posterior and equatorial scleral zones also have been found to differ. The posterior sclera in humans has a relatively high content of chondroitin sulfate, while the equatorial sclera has a relatively high percentage of hyaluronic acid (Trier, Olsen & Ammitzboll, 1990) .
Although cross-species comparisons must be made with caution, the result in tree shrew may be relevant to the development of human myopia, even though most human myopia does not develop as a result of nearly-total form deprivation. The key factor in the regulation of axial length in mammals may be the control of scleral resistance, rather than the control of scleral growth. Disruption of this control, through genetic or environmental mechanisms that reduce proteoglycan or collagen accumulation or otherwise interfere with a normal extracellular matrix, may result in human myopia.
